While transgenic manipulation in higher plants of the catalytic large subunit (L) of the photosynthetic CO 2 -fixing enzyme ribulose 1,5-bisphospahte carboxylase /oxygenase (Rubisco) is now possible the manipulation of its cognate small subunit (S) is frustrated by the nuclear location of its multiple gene copies. 1-3) . As the primary port of entry of inorganic carbon into the biosphere it is surprising that plant Rubisco is not very efficient, particularly at limiting CO 2 concentrations where the rate of catalytic turnover is less than one-thousandth of that of many other plant enzymes (4). The tendency of Rubiscos to confuse CO 2 with the more abundant atmospheric gas, O 2 , encumber photosynthesis in higher plants with both a requirement to invest large amounts of protein in Rubisco, and also a requirement for an energy intensive photorespiratory metabolism to recycle the oxygenated waste product. However, higher plant Rubisco is not the pinnacle of evolution as more efficient and specific forms are found in nature, particularly in a number of redalgae (5). The benefits of replacing the Rubisco in C 3 crops with these natural variants have been modeled and show substantial improvements that come at no additional energy or resource cost (1, 2, 6) . Against this background, it is no surprise efforts are continuing into understanding Rubisco's catalytic mechanism, how it has evolved, and how improvements in its efficiency might be engineered by mutating it or replacing it in plants with more efficient homologs (7-10).
The catalytic efficiency of the photosynthetic CO 2 -fixing enzyme D-ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco, EC 4.1.1.39) has a central role in determining how efficiently plants use their resources of water, fertilizer nutrient and light (1) (2) (3) . As the primary port of entry of inorganic carbon into the biosphere it is surprising that plant Rubisco is not very efficient, particularly at limiting CO 2 concentrations where the rate of catalytic turnover is less than one-thousandth of that of many other plant enzymes (4) . The tendency of Rubiscos to confuse CO 2 with the more abundant atmospheric gas, O 2 , encumber photosynthesis in higher plants with both a requirement to invest large amounts of protein in Rubisco, and also a requirement for an energy intensive photorespiratory metabolism to recycle the oxygenated waste product. However, higher plant Rubisco is not the pinnacle of evolution as more efficient and specific forms are found in nature, particularly in a number of redalgae (5) . The benefits of replacing the Rubisco in C 3 crops with these natural variants have been modeled and show substantial improvements that come at no additional energy or resource cost (1, 2, 6) . Against this background, it is no surprise efforts are continuing into understanding Rubisco's catalytic mechanism, how it has evolved, and how improvements in its efficiency might be engineered by mutating it or replacing it in plants with more efficient homologs (7) (8) (9) (10) .
Engineering Rubisco in higher plants is complicated by the separate locations of the genes coding for the large (L) and small (S) subunits and the complex assembly mechanism that necessitates the coordinated expression, post-translational modifications and assembly of both subunits into a hexadecamer (L 8 S 8 ) within the chloroplast stroma ( Fig. 1) (11) (12) (13) . The L subunit contains the catalytic site and the S subunits, whose precise 2 role in the structure and function of Rubisco remains poorly understood, are essential for catalytic viability (7, 8, 14) . Indeed, when stripped of S, or assembled with foreign S, the catalytic properties of Rubiscos are substantially impaired. Genetically engineering Rubisco in plastids therefore needs to attend to both L and S. For the Rubisco L subunit gene (rbcL) located in the plastid genome (plastome), genetic manipulation by plastome transformation in tobacco is a routine but protracted process requiring typically 4 to 12 months to obtain mature homoplasmic transformants (15) (16) (17) (18) (19) . In contrast, an appropriate means for engineering the native (or foreign) S subunit genes (RbcS) in higher plants has remained an elusive challenge due to the multiple RbcS copies in higher plant nuclei that essentially precludes them from targeted mutagenic or replacement strategies. Moreover, attempts to incorporate recombinant S into higher plants by transplastomic methods have highlighted how circumventing the assembly of cytosolic synthesized S with plastid synthesized L into L 8 S 8 complexes is almost immutable unless the endogenous levels of S have been substantially reduced by anti-sense (17, 20, 21) . Resilient expression of the native S is also problematic when transplanting in foreign L subunits as highlighted by the transplastomic replacement of the tobacco rbcL with sunflower rbcL that produced tobacco-sunflower transformants whose hybrid sunflower L 8 -tobacco S 8 enzyme was kinetically impaired and unable to support autotrophic growth in air (18) .
Here a novel strategy for simultaneously engineering Rubisco S and L subunits was examined using the Synechococcus sp. PCC6301 enzyme that, unlike higher plant Rubiscos, are coded by a single rbcL-rbcS operon and can be functionally expressed in Escherichia coli (12, (22) (23) (24) (25) . Using different peptide linkers the PCC6301 L and S were tethered together to produce an array of SL-and LS-fusion peptides. Presented here are results that show the subunit fusions can correctly fold and assemble into functional Rubisco oligomers in E. coli and that unlinked S is excluded from assembly. Moreover the kinetic properties of the Rubisco oligomers were evaluated and found that the catalytic prowess of most fusion-Rubiscos closely mimicked the wildtype PCC6301L 8 S 8 enzyme.
Experimental procedures
Materials-Unlabelled and carboxy- 14 C-labeled carboxypentitol-P 2 was synthesized as described (26) . Ribulose-P 2 was synthesized and purified as described (27) . All cloned DNA sequences were fully sequenced using BigDye terminator sequencing (Applied Biosystems) on an ABI 3730 sequencer (Biomolecular Resource Facility, JCSMR, ANU) following the manufacturer's protocol (Applied Biosystems 2002).
Amplification of linker genes-A gene coding for the linker-60 peptide was assembled by splice overlap extension using successive PCR reactions with Herculase Enhanced DNA polymerase (Stratagene). The initial PCR reaction contained 2µM each of primers Linker1, Linker2, Linker3 and Linker4 that overlapped with adjacent primers by 20 to 23 nucleotides (supplementary Fig. 1 ). The PCR products were diluted 100-fold in a subsequent PCR reaction that amplified the 193-bp full length linker-60 gene using primers 5'EcoRVlinker and 3'Nde60mer ( Fig. 2A) . A 208-bp gene coding for a tetra-histidine tagged linker-60 peptide (60H 4 ) was assembled using primer Linker2His4 instead of Linker2 in the initial PCR reaction (supplementary Fig. 1 ). Both linker-60 genes were cloned into pGEM-T Easy (Promega) to give plasmids plinker60TVE and plinker60H 4 TVE. Genes coding for shorter linker peptides of 20 and 40 amino acids were amplified from plinker60TVE using the primer pairs 5'EcoRVlinker / 3'Nde20mer and 5'EcoRVfusion / 3'Nde40mer and cloned into pGEM-T Easy to give plasmids plinker20TVE and plinker40TVE.
Cloning wild-type PCC6301 Rubisco genes-The Synechococcus PCC6301 Rubisco rbcL-S operon was amplified from pSH1 (28) using primers 5'NdeCrbcL (5'-CATATGCCCAAGACGCAATCTGCCGCAG-3', NdeI site underlined, rbcL initiator codon in bold) and 3'SacISynS (5'-TGAGCTCTTAGTATCGGCCGGGACGATGA ACGAT-3', SacI site underlined, complement of rbcS terminator codon in bold) and the 1851-bp NdeI-SacI product cloned into pET30Xa/LIC (pET30, Novagen) to give plasmid pET C LS (Fig.  2B) .
Cloning (Fig. 2B) . Sequence coding for a Cterminal 6X-Histiding tag was cloned 3' to rbcL by amplifying the gene with primers 5'NdeCrbcL and 3'XhoSynL (5'-CTCGAGCTTGTCCATCGTTGCAAATTCGAA C-3', XhoI site underlined) and cloning the 1237-bp KpnI-XhoI fragment into pET C S40L to give pET C S40LH 6 (Fig. 2B) .
Cloning the PCC6301 Rubisco purification-Rubiscos without histidine tags were purified from E.coli cells by size exclusion chromatography or by ultracentrifugation through sucrose density gradients. Cells that had been stored at -70ºC were suspended in ice cold extraction buffer, lysed by a French press and centrifuged as described above. The supernatant was chromatographed through a Superdex 200HR 10/30 column equilibrated with column buffer (50 mM EPPS-NaOH, 100 mM NaCl, pH8) using an ÄKTA explorer system (APBiotech). Alternatively, a saturated ammonium sulfate solution (pH7) was slowly added to the supernatant to a final concentration of 20% (w/v) on ice and the extract centrifuged at 30,000g for 15 min at 2ºC. The supernatant was collected and Rubisco precipitated by adding ammonium sulfate to 50% (w/v) and pelleted by centrifugation. The precipitate was dissolved in 0.7 ml gradient buffer (25 mM EPPS-NaOH, pH8, 1 mM EDTA) and centrifuged at 31,000 rpm for 26 h at 4ºC through an exponential density gradient (mixing volume, 12.15ml; gradient volume, 15 ml) of 7% to 28.8% (w/v) sucrose in gradient buffer using an SW31Ti rotor (Beckman). Fractions collected from the Superdex 200 chromatography (0.3ml) and the sucrose gradients (1ml) were assayed for substratesaturated RuBP carboxylase activity (see below) and an aliquot mixed with an equal volume of SDS or Native PAGE buffer for PAGE analysis. The 5 three fractions with the highest Rubisco activities for each sucrose gradient were pooled, dialyzed for 16 h at 4ºC against 2 liters of gradient buffer and then for 90 min against 0.5 liters of gradient buffer containing 20% (v/v) glycerol. The dialyzed samples were frozen in liquid nitrogen and stored at -70ºC.
Rubiscos with histidine tags were purified using Ni 2+ -nitrilotriacetic acid (Ni-NTA) agarose (Qiagen). E.coli cells were suspended in ice cold affinity extraction buffer (50mM Tris-Cl, pH8, 0.3M NaCl, 10mM imidazole, 0.043% (w/v) bacterial protease inhibitor cocktail), lysed by a French press and centrifuged (as above). The soluble protein was chromatographed through Ni-NTA agarose and washed with 20 bed volumes of affinity extraction buffer. Bound protein was eluted in 1.5 to 2 ml of elution buffer ((50mM Tris-Cl, pH8, 0.3M NaCl, 200mM imidazole) and immediately dialyzed with successive changes of gradient buffer and stored as described above.
Kinetic measurements-The Michaelis constant for ribulose-P 2 (K m RuBP) and catalytic turnover rate (V c max ) were measured in cell free soluble E.coli protein extracts. Following lysis and centrifugation (see above), the E.coli soluble protein extract was pre-incubated with 25 mM NaHCO 3 for 20 min at 25ºC to activate the Rubisco. Carboxylase activities were measured using NaH 14 CO 3 assays (28,30) containing different amounts of substrate ribulose-P 2 (0 to 2 mM). Assays were buffered with 100 mM EPPSNaOH, pH8 containing 20 mM MgCl 2 and were performed in duplicate with unbuffered ribulose-P 2 added to initiate catalysis. Catalytic turnover rate was calculated by dividing the substrate saturated carboxylase activity by the concentration of Rubisco active sites measured by the stoichiometric binding of the tight binding inhibitor [2- 14 C]CABP as described previously (17, 31) .
After pre-incubation with 25mM NaHCO 3 , duplicate aliquots of extract were incubated for up to 30 min with 13 -39 µM of [2-14 C]CPBP (an isomeric mixture of [2- 14 C]CABP and [2- 14 C]CRBP) at 25ºC and the amount of Rubisco-bound-[
14 C]CABP recovered by gel filtration (17) .
Purified Rubisco preparations were used to measure the Michaelis constants for CO 2 (K m (CO) 2 ) and the CO 2 /O 2 specificity (S c/o at pH8.3, (32)). K m (CO) 2 was measured by 14 CO 2 -fixation at 25°C, pH 8 according to (28) in nitrogen sparged septum capped scintillation vials. The assays were initiated by adding purified enzyme (that had been pre-incubated for 20 min in buffer containing 20 mM MgCl 2 and 25 mM NaHCO 3 ) into N 2 equilibrated assay buffer (100mM EPPS-NaOH, 20mM MgCl 2 , 0.6mM ribulose-P 2 , 0.1mg.ml -1 carbonic anhydrase) containing varying concentrations of NaH 14 CO 3 . The assays were stopped after 2 min with 0.5 volumes of 25% (v/v) formic acid, dried at 80°C and then the residue dissolved in 0.5 ml water before adding 2 volumes of scintillant (UltimaGold, Packard) for scintillation counting.
RESULTS
Engineering linker peptides of different lengths-Genes coding for linker peptides of different lengths for fusing the large (L) and small (S) subunits of Rubisco from Synechococcus PCC6301 (cyanobacteria) and Nicotiana tabacum (tobacco) were synthesized by splice overlap extension using PCR (supplementary Fig. 1 ). The linker sequences were designed based on flexible Ser-Gly-Gly motif repeats with a basic amino acid every tenth residue that had been previously used to assemble E .coli chaperonin complexes from GroES -GroEL fusions (33) . Examination of available X-ray structures for different L 8 S 8 Rubisco hexadecamers indicated considerable variability in the spatial separation between the Nand C-termini of the adjoining L and S subunits (Fig. 1) . Since there were numerous permutations for linking the termini of a subunit to its cognate partners four different sized linkers were tested that comprised 20, 40, 60 and 65 (60H 4 ) amino acids corresponding to flexible peptides of ~ 65, 130, 185 and 200Å. Restriction sites at the 3' (EcoRV) and 5' (NdeI) ends were incorporated into the coding sequence of each linker gene to facilitate the in-frame cloning of L and S genes ( Fig. 2A ). An internal 4xHis-tag comprising the sequence His-Ser-His-His-His-His was engineered into the 60H 4 fusion peptide to facilitate purification by affinity chromatography.
Subunit organisation of Rubisco fusionsAs the N-and C-termini of each L and S are positioned on the surface of L 8 S 8 Rubiscos (Fig. 1 Expression of Rubisco fusion peptides in E. coli-Large amounts of mostly unassembled Synechococcus PCC6301 Rubisco accumulated in E. coli cells when the genes were transcriptionally put under the control of the T7 promoter in pET plasmids and protein expression stimulated by lactose autoinduction of the T7 polymerase from the DE3 lambda lysogen in E.coli BL21(DE3) cells (29) .
The gradual stimulation of cyanobacterial Rubisco expression through autoinduction improved the amount of functional hexadecameric enzyme recovered from the cellular soluble protein by 3 to 4 fold compared with the same cells induced with 0.4mM IPTG for 16 hours at 22ºC (data not shown). However, even by auto-induction SDS PAGE and immunoblot analyses of the total and soluble E. coli protein showed only a small proportion (< 2%) of the large pool of fused and un-fused cyanobacterial Rubisco L and S peptides produced in the cells E.coli were correctly folded and soluble (Fig. 3) . Immunodetection using an antibody to the cyanobacterial Rubisco also recognized an E.coli protein of ~55 kDa and two additional smaller peptides in the extracts of cells producing the C S L L fusions ( Fig. 3C and D) . The sizes of these smaller proteins (labeled C S L ∆L) varied between 19.5 and 24.5 kDa and appeared to comprise sequence spanning S, the linker peptide, and N-terminal residues of L as the difference of ~1.5kDa in the measured size of the smallest (~19.5, 21 and 23kDa) and largest (~21, 22.5 and 24.5kDa) peptides, respectively, for each fusion peptide were consistent with the differences in size of the intervening linker sequence. Extrapolating from the translated peptide sequence, the size of these smaller peptides correspond to proteolysis in L around residues Lys-11 and Lys-29. If these C S L ∆L peptides were the result of proteolysis, an additional 50kDa cyanobacterial L peptide would be produced, however immunoblot analysis did not recognize a peptide of this size in either the total or soluble cellular protein fractions ( Fig. 3B  and D) . This suggests the remaining 50kDa Nterminally cleaved L is either rapidly degraded or, alternatively, the (Fig. 4) . By immunodetection the electrophoretic mobility of the native Rubisco hexadecamer (L 8 S 8 ) was found to be faster than the oligomeric complexes comprising the C S L L and C L40S fusions (termed fusion-Rubiscos) (Fig. 4B) . The observed difference in mobilities are consistent with the fusion peptides assembling predominantly into octameric complexes ((L40S) 8 8 ) whose mobility decreased as the size of the linker sequence increased. Curiously, in addition to two E.coli proteins, the antibody also recognized a larger, less abundant, protein complex in all the fusion peptide samples that corresponded to Rubisco oligomers larger than the octamers and (Fig. 5A ). Both activity peaks corresponded to proteins of larger molecular mass than the single activity peak for wild-type L 8 S 8 Rubisco with different elution times for the fusion-Rubisco complexes correlating to the differences in the size of the linker sequences used to fuse the L and S together. Further examination of the chromatography fractions by immunoblot analysis following SDS PAGE showed both activity peaks were synchronized with the amount of LS-fusion peptides detected (data not shown). When the chromatography fractions were separated by nondenaturing PAGE, immunoblot analysis confirmed the second activity peak corresponded to the octameric complex and the earlier peak to the larger LS-fusion oligomeric protein complex that was assigned a hexadecameric (( C S L L) 16 ) stoichiometry as it likely comprised two octameric complexes joined by the linker regions of two or more fusions (Fig. 5B) . Notably, the linear electrophoretic mobility of the symmetrical L 8 S 8 enzyme in the chromatography fractions (top panel, Fig. 5B ) was not emulated by the chromatographically separated ( C S40L) 8 and ( C S40L) 16 enzyme fractions that showed considerable variation in their electrophoretic mobility (bottom panel, Fig. 5B ). This non-linear electrophoretic mobility was also observed following non-denaturing PAGE analysis of the other ( 16 complexes following their chromatographic separation (data not shown). Evidently both the octameric and hexadecameric enzymes comprised structurally heterogeneous populations of asymmetrically arranged SL-fusions that produced complexes of structurally variable sizes. Irrespective of their structural conformations however, the CO 2 /O 2 specificity (Sc/o) measured for both the ( C S40L) 16 and ( C S40L) 8 peaks fractions matched that of the wild-type L 8 S 8 enzyme (Fig. 5A) .
were speculatively assumed to comprise connected octamer pairs (i.e. hexadecamers) that arose from linked L and S coding regions within fusions assembling in separate octameric enzyme complexes thereby tethering two octamers together. This was examined further by size exclusion chromatography.
The catalytic stability of the ( C S40L) 16 Rubisco complexes were found to be less stable than the ( C S40L) 8 enzyme. Equal amounts of protein from E.coli expressing C S40L fusionRubiscos were incubated at different temperatures and centrifuged prior to separation by size exclusion chromatography (Fig. 5C) . After incubating the E. coli extract at 25°C for 30 min, 92% of the carboxylase activity measured in a parallel sample immediately chromatographed following extraction (0 min at 0°C) was recovered. As shown in figure 5C , this loss was almost exclusively attributed to a reduction in the activity recovered in the ( C S40L) 16 Rubisco peak. The reduced activity was not due to a dissociation of the ( C S40L) 16 complex into insoluble C S40L aggregates as immunoblot analyses following SDS PAGE found no discernable difference in the amount of S40L fusion peptides in the chromatography fractions between these two samples, or any insoluble C S40L in the centrifugal pellet of the 25°C treated sample prior to loading onto the column (data not shown). Notably, the reduced activity of the ( C S40L) 16 fusion-Rubisco complexes could be avoided by maintaining the enzyme at 0°C as, even after 4 hours, almost all (>98%) of the activity was recovered following chromatography. Supplementary Fig. 2 ). For the native L 8 S 8 complex, 14 CO 2 carboxylase and immunoblot assays identified a single symmetrical peak corresponding to the sedimentation between fractions 9 to 12. Consistent with the nondenaturing PAGE (Fig. 4) and chromatography analyses (Fig. 5) 16 ) complexes that sedimented further down the gradient than native L 8 S 8 cyanobacterial Rubisco. Unlike that obtained by size exclusion chromatography the octameric and hexadecameric fusion-Rubisco complexes did not resolve into two separate activity peaks, however the sedimentation behavior of the Rubisco complexes predicted from activity measurements matched the amount of Rubisco subunits identified by immunodetection ( Supplementary Fig. 2B ). SDS PAGE analyses of Rubiscos purified using sucrose gradients showed they were ~50% pure except for the native L 8 S 8 enzyme that was >90% pure (not shown). Attempts to purify the fusion-Rubiscos from E. coli extracts by anion exchange chromatography using the procedure of (35) 6 ) and C L40S fusions whose carboxylation rates were reduced 3 to 4-fold (Table I) . K m (RuBP) measurements for the wild-type enzyme matched those measured previously for purified enzyme (34) .
For the fusion-Rubiscos modest improvements in ribulose-P 2 affinity relative to the wild-type enzyme were found for those containing the S20L, S40L, S60L and S60H 4 L fusions, no change for the C S40LH 6 fusion and was reduced for enzymes comprised of C L40S fusions (Table I) .
For the His-tagged enzymes, almost complete recovery of enzyme activity (>90% of initial activity) was obtained by immobilized metal affinity chromatography of the soluble cellular extract. However, as the level of Rubisco expression in these extracts was low (Table I) other E.coli proteins were co-purified resulting in final purities of ~60% as judged by SDS PAGE (data not shown). Substrate specificity and CO 2 affinityPurified enzyme preparations were used to measure the CO 2 /O 2 specificity (S c/o ) and the Michaelis constant for CO 2 (Km(CO 2 )) and, for 9 the wild-type enzyme, are similar to that reported previously (35) . Irrespective of the linker sequence length or the organisation of L and S in the fusion, the CO 2 /O 2 specificity (S c/o ) for all the fusionRubiscos were comparable to wild-type (Table I) . In contrast, the Km(CO 2 ) for Rubiscos comprising c S40L and c S60L fusions were ~10% lower than wild-type while Rubiscos comprising the C L40S or C S60LH 6 fusions were 40 and 60% higher than wild-type, respectively.
Fused tobacco L and S do not assemble in E.coli -For tobacco Rubisco, two genes coding for peptides T S40L and T S60L were cloned by merging the C-terminal Tyr-123 of S to the Nterminal Met-1 of L and joined by the 40 and 60 amino acid linker sequences, respectively. Like the cyanobacterial enzyme, both tobacco Rubisco fusions expressed well in E. coli however they were unable to fold and assemble correctly into functional enzyme. SDS PAGE and immunoblot analyses showed that the large amount of T S40L and T S60L peptides produced were entirely insoluble (Fig. 6 ). This was confirmed by [2-14 C]carboxyarabinitol-P 2 binding and carboxylase assays (using high specific activities of 14 CO 2 and 10 min assay periods) that were unable to detect any assembled or active enzyme in the soluble cell protein extracts (data not shown). This is consistent with previous findings that higher plant L and S are unable to assemble into L 8 S 8 enzyme in E.coli due to problems with chaperone incompatibility (24, 36) . Notably, as with the cyanobacterial fusion peptides, the immunoblot analyses of the soluble E. coli protein identified two smaller T SΔL peptides (~20kDa and 21.5kDa species in T S40L, ~21.5kDa and 23kDa species in 
DISCUSSION

Linked cyanobacterial L and S Peptides Assemble into Functional Rubisco
Oligomers-My interest in applying a peptide fusion strategy to link the Rubisco L and S subunits arises from a desire to simultaneously engineer the genes for both native and foreign Rubisco subunits within the plastids of higher plants. Using Synechococcus Rubisco for proof of principal, this study has identified suitable linker sequences useful for generating L-S and S-L fusions that maintain the capacity to assemble into functional cyanobacterial fusionRubisco complexes in E. coli. The ability of all the fusion Rubiscos to catalyse ribulose-P 2 carboxylation and tightly bind the reaction intermediate carboxyarabinitol-P 2 indicated the integrity of the active site geometry remained relatively unperturbed, particularly for the enzymes comprising the C S L L fusions whose kinetics closely mirrored, and in some instances showed improvement on, those of the wild-type L 8 S 8 enzyme.
The capacity of the different cyanobacterial Rubisco fusions to functionally assemble in E. coli varied depending on the size of the linker, the order of S and L and whether or not histidne-tags were incorporated. By utilizing the T7 promoter pET-based expression system large amounts of the different Rubisco peptides were expressed in E. coli BL21 cells, particularly when stimulated by auto-induction. Comparable to previous findings the majority (>98%) of the wildtype cyanobacteria L produced was insoluble, presumably forming inclusion body aggregates, with a pool of the more soluble S still available for assembling with L 8 cores (22-24,37). As well the C L L S-and S40L fusions were produced in amounts that rivaled that of wild-type L, however their productive folding and assembly by E.coli chaperones appeared additionally compromised. Possibly these processes are constrained by the large size of the fusion peptides or by additional complexities in assembling the asymmetrical enzyme complexes (see below). Whether overexpressing the GroES-GroEL chaperonins can improve the yield of Rubisco-fusion complexes produced in E. coli, as it can for cyanobacterial L 8 S 8 Rubisco (23,37), remains to be examined. Curiously the incorporation of successive histidine residues appeared to hamper proper folding and/or assembly of the c S60H 4 L and c S40LH 6 peptides. As well the fusion peptides containing the 40 or 60 amino linker sequences appeared more adept to functional assembly than the fusion peptides containing the 20 amino acid linker (Table I) . Based on the predicted distances between the L 0 1
Linking to, or modifying, the C-terminus of L impairs catalytic performance-While all the Synechococcus PCC6301 fusion-Rubisco complexes, irrespective of linker length and subunit order, were appropriately assembled to form apparently normal active sites it was clear that engineering changes to the C-terminal end of L was detrimental to catalytic viability. Normally during catalysis the binding of substrate within a Rubisco active site initiates the folding over ('closing') of loop 6 residues in L that subsequently retracts ('opens') following catalysis (7, 8, 38, 39) . The cycling between the 'open' and 'closed' confirmation during catalysis is thought to be assisted by flexible C-terminal 'tail' of L that stretches across the top of loop 6 when it is closed and then retracts to an α-helical structure upon loop 6 opening allowing product release. The importance of the C-terminal tail on catalysis has been highlighted by the observed reduction in catalytic performance by Rubiscos whose L subunits have had their C-termini shortened by proteolysis (40,41) or increased by cloning extensions to Synechococcus L (42). At 25ºC, the substrate affinities and catalytic turnover for the mutant Synechococcus Rubiscos with C-terminal extensions were impaired whilst their ability to distinguish between CO 2 and O 2 as substrates was not (42). Comparable differences were observed here in the kinetic properties of enzymes comprising cS40LH 6 and cL40S fusions supporting the concept that engineering changes to the Cterminus of L (such as linking it to the N-terminus of S) invariably lead to reduced catalytic performance. In contrast, there was no compromise in catalytic viability when adjoining the Cterminus of S to the N-terminus of L using flexible linker peptides (Table I) indicating this is the favored configuration for linking these Rubisco subunits.
and S termini in L 8 S 8 structures (Fig. 1) it is possible the shorter linker sequence (~65Ǻ) may have impeded functional assembly of the c S20L fusion by imposing a constraint on where the linked L and S subunits could be positioned within the holoenzyme complexes.
Non-denaturing PAGE and size exclusion chromatography clearly showed the fusion peptides assembled into two structurally distinct catalytic complexes that were larger than the wildtype L 8 S 8 . It is likely these represented octameric structures (( C L40S) 8 or ( C S L L) 8 ) and unprecedented hexadecameric configurations that presumably consisted of adjoined octamers. Unlike the L 8 S 8 enzyme, the assembly of the fusion peptides into hexadecamers through the integration of adjoined L and S sequences into different octamers clearly indicated they are asymmetrical. Similarly, structural asymmetry would be expected for the octameric complexes, particularly those comprising fusion peptides with larger linker sequences where there might be less constraint as to where the connected L and S subunits could be positioned within the fusion-Rubisco complex. Consistent with this, the Rubisco-fusion complexes containing larger linker sequences displayed more diffuse separation through non-denaturing PAGE (Fig. 4) , broader elution profiles following size exclusion chromatography (Fig. 5) and increased asymmetry in their sedimentation behavior in sucrose gradients following ultracentrifugation (supplementary Fig. 2 ).
Future prospects for Rubisco Engineering in
Higher Plants-Future work will assess the applicability of this linking strategy for assembling functional Rubisco complexes of linked higher plant Rubisco L and S in chloroplasts. This study successfully showed that T S L L-fusions comprising linked tobacco S and L subunits could be abundantly produced in E.coli however linking of the subunits was unable to circumvent the assembly restriction faced by all eukaryotic L 8 S 8 Rubiscos in this prokaryotic host that are proposed to arise from chaperone incompatibilities (12, 24, 36) . Further studies as to whether the chaperone complexes of higher plant plastids are capable of assembling these tobacco T S L L-fusions into functional Rubisco complexes are obviously warranted. Successful replacement of the rbcL copy in the tobacco plastome with the comparable gene from sunflower (18) and the bacterium Rhodospirillum rubrum (15, 17, 18) by homologous replacement indicates a comparable strategy for introducing the rbc T S40L or rbc T S60L genes is feasible. While transgenic manipulation by this means is a protracted process it does provide a specific means by which to examine comprehensively the molecular, cellular and physiological consequences of the transplanted fusion-Rubisco into plant plastids. That is, the kinetics of functional Rubisco-fusions could be examined both in vitro, following enzyme 11 purification, and in vivo using whole leaf gas exchange (15) (16) (17) 20, 21) . Moreover such a transplantation would provide a means to assess whether the finding in this study that unassembled cyanobacterial S are excluded from assembling with C S60L-fusions can be emulated in higher plant plastids. Notably in transplastomic tobacco expressing the Rubisco dimer (L 2 ) from R. rubrum, that does not require any S, the unassembled tobacco S were rapidly degraded without apparent detriment to the plants (15 16 ( C S L L) 16 ( C L40S) 8 ( C S L L) 8 ( C L40S) 16 
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